Abstract: Successful regeneration of biological tissues in vitro requires the utilization of three-dimensional (3D) scaffolds that provide a near natural microenvironment for progenitor cells to grow, interact, replicate, and differentiate to form target tissues. In this work, a rapid aqueous photo-polymerization route was developed toward the fabrication of a variety of polymer hydrogel 3D inverted colloidal crystal (ICC) scaffolds having different physical and chemical properties. To demonstrate the versatility of this technique, a variety of polymer hydrogel ICC scaffolds were prepared, including (1) polyacrylamide (pAAM) scaffolds, (2) poly(2-hydroxyethyl methacrylate) (pHEMA) scaffolds, (3) poly(2-hydroxyethyl acrylate) (pHEA) scaffolds, and composite scaffolds including (4) pAAM-pHEMA scaffolds, (5) pHEMA-pMAETAC [poly(2-methacryloyloxy) trimethyl ammonium] scaffolds, and (6) pHEA-pMEATAC scaffolds. Templates for scaffolds incorporated both uniform sized (104 lm diameter) and nonuniform sized (100 6 20 lm diameter) closely packed noncrosslinked poly(methyl methacrylate) beads. Human bone marrow stromal HS-5 cells were cultured on the six different types of scaffolds to demonstrate biocompatibility. Experimental results show that cells can remain viable in these scaffolds for at least 5 weeks. Of the six scaffolds, maximal cell adhesion and proliferation are obtained on the positively charged composite hydrogel pHEMA-pMEATAC and pHEA-pMAETAC scaffolds.
INTRODUCTION
Cell scaffolds play an important role in tissue engineering by providing a near natural microenvironment for growing cells. 1 An ideal scaffold is one that possesses physical and chemical properties similar to natural tissues and does not induce immunologic host response. 2 In addition, the scaffold should provide cells with sufficient nutrients and oxygen, remove their waste products, and allow the cells to adhere, migrate, and interact with each other just like they do in their natural environment. 3 The material property and surface nature of the scaffolds affect cell attachment, proliferation, differentiation, and ultimately new tissue regeneration.
Synthetic polymer hydrogels are three-dimensional (3D) macromolecular networks that contain a large fraction of water within their structure. They do not dissolve, are soft and pliable, and do not elicit host immune response. 4 These properties are desired to mimic native tissue; therefore, hydrogels are particularly useful in biomedical and pharmaceutical applications. 5, 6 Hydrogel polymers are particularly appealing candidates for the design of highly functional tissue engineering scaffolds. [7] [8] [9] The intrinsic elasticity and wear retention ability of synthetic hydrogels resemble those of natural hydrogels such as collagen matrices, which are prevalent as structural scaffolds in various connective tissues including bone. 4 The porosity of synthetic hydrogel scaffolds and other scaffolds may be controlled by various techniques including solvent casting/particulate leaching, 10, 11 phase separation, 12 gas foaming, 13 solvent evaporation, 14 freeze-drying, 15 blending with a noncrosslinkable linear polymer, 16 and polymer colloidal crystal template technique. 17, 18 These techniques afford a range of mechanical and structural properties. Another important feature of hydrogels is that they can be assembled in 3D form, displaying multiple functional domains through copolymerization of different monomers. The polymerization chemistry of hydrogels is water compatible. This allows the incorporation of polar ligands, such as aniopeptides, that mimic the acidic matrix proteins regulating mineral growth and biological epitopes such as the tripeptide RGD, [19] [20] [21] which promote cellular adhesion. Still another advantage of hydrogel scaffolds is their relative transparency, which allows for noninvasive imaging of growing cells in thick scaffolds using high resolution microscopy such as confocal or two-photon microscopy.
Polyacrylamide (pAAM), poly(2-hydroxyethyl methacrylate) (pHEMA), poly(2-hydroxyethyl acrylate) (pHEA), and poly(2-methacryloyloxy) trimethyl ammonium (pMAETAC) are known synthetic hydrogel polymers. 7, 18, 22, 23 Usually, these polymer hydrogels are synthesized by thermal polymerization including solution polymerization and inverse suspension polymerization. 7, 18, [22] [23] [24] [25] Photo polymerization is a common method used to synthesize polymers. This method has been used in the preparation of polymer hydrogels for tissue engineering applications [26] [27] [28] [29] including the synthesis of poly (ethylene glycol) 3D cell scaffolds. 29 The rapid preparation of cell scaffolds that can support accelerated cell proliferation and differentiation is very important for rapid tissue regeneration and wound healing. Photo-polymerization, compared with other polymerization methods such as thermal polymerization, has many advantages. These include short reaction times, simple reaction routes, room temperature reactions, biocompatibility, and it is environmentally friendly. 30 In this work, a rapid photo-polymerization route was developed toward the preparation of polymer hydrogel cell scaffolds having a variety of chemical and physical properties. The versatility of this technique was demonstrated by preparing different component polymeric scaffolds including PAAM, pHEMA, pHEA polymer hydrogel inverted colloidal crystal (ICC) scaffolds, pAAM-pHEMA, pAAMpMAETAC, pHEMA-pMEATAC, and pHEA-pMAE-TAC copolymer hydrogel ICC scaffolds. Noncrosslinked PMMA beads of uniform size (104 lm diameter) and nonuniform size (104 6 20 lm diameter) configured into close-packed assemblies were used as templates to control the porosity of the scaffolds. The structures of the scaffolds were inspected by scanning electron microscopy (SEM) and confocal microscopy. HS-5 human bone stromal cells were cultured in the scaffolds to demonstrate their biocompatibility and to compare the cell adhesion and proliferation rate in different formulated scaffolds. Copolymer hydrogel scaffolds containing positively charged pMAETACC showed markedly improved cell adhesion and proliferation on HS-5 cell culture over scaffolds that did not contain positively charged pMAETACC.
EXPERIMENTAL SECTIONS Materials
Acrylamide (AAM), N-N 0 -methylene-bisacrylamide (NMBA), 2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acrylate (HEA), ethylene glycol dimethacrylate (EGDA), (2-methacryloyloxy) trimethyl ammonium (MEATAC) ethylene glycol, tetrahydrofuran (THF), and noncrosslinked poly(-methyl methacrylate) (PMMA) were obtained from Sigma. PMMA (104 lm) was obtained from Microparticles, GMBH was from Berlin, Irgacure 819 was from Ciba Specialty Chemicals, and FITC (fluorescein isomer) was from VWR.
The preparation of scaffolds
The preparation of ordered colloidal crystals and nonordered bead array Preparation of 104 lm PMMA colloidal crystal template
The preparation of colloidal crystals is according to the previous reports. 17, 18 Briefly, 1 mL of ethanol was added to 0.1 g of 104 lm PMMA beads. The mixture was sonicated for several minutes until an unstable but uniform dispersion was made. Then, the vial with the mixture was shaken gently for 1 h by ultrasonic force and the PMMA spheres self-assembled into a colloidal crystal. An aliquot of ethanol was withdrawn and the remaining ethanol was allowed to evaporate for 1-2 days. The resulting colloidal crystal arrays were heated at 1208C for 24 h to anneal the particles.
Preparation of nonordered bead-array
Briefly, 1.5 g of PMMA microspheres with a size of 100 6 20 lm were filled into glass vials measuring 0.35 mm in diameter and 3 cm in height. The vials were glued on a glass dish and then were gently shaken for 1 h with an ultrasonic cleaner to allow the PMMA spheres to assemble into a close-packed structure. The resulting bead-arrays were heated at 1208C for 24 h to anneal the particles. These cylindrical bead-arrays were used as a template to produce master scaffolds that were then cut into pieces that matched regular sized scaffolds.
The preparation of ordered and nonordered ICC scaffolds The preparation of scaffolds: These 6 types of monomer precursor solutions were infiltrated into the PAAM uniform sized colloidal crystals and the nonuniform sized PMMA arrays, respectively. The composite of beads and monomer solution was then photo-polymerized under 365 nm of UV light for different times. The resulting gel composite and PMMA spheres was soaked in THF to remove the PMMA microspheres for 3 days and then was soaked in water for 1 h. The polymer and copolymer scaffolds were then obtained.
The rod-like scaffolds with nonuniform pores/cavities can be produced on a large-quantity scale. Ten rod-like master scaffolds with different types of polymers have been produced in one batch. Each rod-like scaffold can be cut into 20-25 round-disk shaped scaffolds with a diameter of 3.5 mm and a thickness of 1 mm. Therefore, 200-250 scaffolds can be fabricated in one batch from 10 master scaffolds. Larger batches can be produced by making additional master scaffolds. 
Characteristics of scaffolds and cells
The characteristics of scaffold structure and cultured cells were investigated by scanning electronic microscopy (SEM) and confocal microscopy.
SEM images were obtained with a JSM 6400 microscope. Scaffold samples for SEM were first dried in air naturally and then coated with a thin conductive film of gold using a Denton Desktop III sputter.
Confocal microscopy images were obtained with a Leica SP2 confocal microscope. To observe scaffold structures, the scaffold was coated with FITC to reveal the structure (excitation wavelength is 488 nm; emission detection band is 500-550 nm). To observe the cells on the scaffold, the cells were stained with a live/dead viability staining kit from Invitrogen (L-3224). This procedure was performed as follows: the cells were washed with a serum free medium and stained with a serum free medium containing 0.5 lM calcein AM and 0.5 lM ethidium homodimer-1 (ETH) for 30 min at 378C. The cells were then washed with a serum free medium one more time and replaced with a regular medium then incubated for 1 h prior to imaging. Confocal microscopy excitation wavelengths were 488 nm and 543 nm with a laser for the calcein (green, live cells) and ETH labels (red, apoptotic cells) with emissions detected by using 500-535 nm and 600-650 nm bandpass filters, respectively. For each interested area of the sample, 30 stacked images across 150 lm depth were obtained and the projection images of the maximum intensity of the stacked images presented.
Two photon laser scanning microscopy was performed using a Zeiss LSM410 confocal microscope equipped with a tunable Ti: Sapph femtosecond laser running at a 82 MHz repetition rate and a 100 femtosecond pulse width (Tsunami, Spectra Physics). The average power measured at the objective entrance was 50 mW. To image calceinstained cells, the excitation source was tuned to 760 nm and the fluorescence emission was collected at 500-540 nm. A 403, 0.8 N.A. long working distance objective lens was used to capture 50 Z-section images with a step of 2 lm. ImageJ software was used to generate z-projection images from z-stacks.
Quantitative assessment of the scaffold to accommodate human stromal bone marrow cells: Five disk-shape scaffolds with a diameter of 5 mm and a thickness of 1 mm each made from the different polymers described above were placed in five wells on a 12-well culture plate, and 1 mL of complete culture media (DMEM supplemented with 10% fetal bovine serum) was added to engulf the scaffolds. A 50 lL cell pellet containing 10 5 human stromal bone marrow cells (HS-5) was placed on top of each scaffold and the plate was incubated at 378C in the presence of 5% CO 2 to allow cells to adhere and proliferate within scaffolds. After 48 h, live cells on the scaffolds were stained using calcein-AM fluorescent dye and two-photon microscopy was performed to determine the number of live cells in the most crowded area of each scaffold.
RESULTS AND DISCUSSION
The structure of colloidal crystals and scaffolds
To obtain templates that have adequate mechanical strength for making scaffolds, it is particularly important to anneal PMMA colloidal crystals and the PMMA close-packed array at 1208C for 24 h before the hydrogel solution is infiltrated into them. The annealing makes the beads stick to each other, which (1) enhances the mechanical strength of the crystal and the template, (2) enlarges the connected area of the beads through effective solvent casting and complete dissolving of the beads after the scaffold were polymerized, and (3) allows the formation of larger interconnection channels (30-50% in diameter of the cavity size) between the inverted opals of the scaffold, which is important for cell migration and nutrient transport.
The pHEMA scaffold is selected as a representative to show the structure of the scaffolds from a 104 lm PMMA colloidal crystal template. For SEM, pHEMA scaffolds were air dried. SEM micrographs of the free surface of pHEMA scaffolds are shown in Figure 1 . The insert in Figure 1 is a SEM micrograph of a colloidal crystal template. The PMMA beads are assembled into an ordered structure. The size of the beads is 102 lm, which did not change significantly compared with the original size of 104 lm. The cavity size of the scaffold is about 90 lm (Fig. 1) ; however, this is smaller than the bead size of 104 lm. This is attributed to hydrogel scaffolds shrinking during the dehydration process for SEM sample preparation. Accordingly, the interconnection channels are about 20 lm and on the order of the size of the cell, which should be sufficient for cell migration through the interconnecting passages of the 3D scaffold. Figure 2 (A) is the confocal image of the FITCcoated pHEMA scaffolds made from a 104 lm PMMA template and Figure 2(B) is the confocal image of FITC-coated pHEMA scaffolds made from nonuniform sized PMMA bead (100 6 20 lm) assembled template. The image in Figure 2 (A) clearly shows the ordered scaffold retains the ICC structure of the PMMA colloidal crystal template. The cavity size is *125 lm, which is larger than the diameter (104 lm) of the spheres in the PMMA colloidal crystal because the hydrogel expands in volume when placed in aqueous solution. The diameter of the connection channel is about 30-35 lm. For the nonordered scaffold [ Fig.  2(B) ], the cavity size varies from 50-150 lm and the connection channel is 15-30 lm, which is smaller than that in the ordered scaffolds. The cavity sizes of the scaffolds are comparable with the pore size of nature bone marrow. 31 The difference between the ordered and nonordered scaffolds is that the ordered scaffolds have same sized porosities and connection channels but those in the nonordered scaffolds vary considerably. The highly ordered structure makes it possible for computer modeling of the nutrient flux, metabolism, cell migration, and other processes on the scaffold, which is difficult on disordered 3D scaffolds. However, this latter structure is similar to native bone marrow, which is also highly nonordered. We expect cells to grow regardless of the order of the scaffold as long as the scaffold has proper sized cavities and connection channels.
The structure of the different hydrogel scaffolds made from nonuniform PMMA bead templates by large-scale production is shown in Figure 3 . The maximum and minimum size of the cavities and connection channels of different scaffolds were measured from the corresponding confocal images in Figure 3 and summarized in Table I . The positively charged pAAM-pMEATAC and pHEA-pMEATAC scaffolds [ Figs. 3(E,F) ] swells considerably in water, resulting in a much larger cavities and connection channels. The swelling is attributed to the electrostatic repulsion between the positively charged pMEATAC. When placed into PBS buffer or cell culture media, the positively charged scaffolds shrank to normal size similar to the noncharged scaffolds because the anions in the buffer and/or media neutralized the positive charges on the scaffolds.
The photo-polymerization of polymer hydrogel scaffolds
As mentioned earlier, photo-polymerization of polymer hydrogels have many advantages over the radical thermal polymerization. Most of the polymer hydrogel scaffolds were prepared by radical thermal polymerization. Kotov and coworkers 18 prepared pAAM scaffolds by thermo-initiation polymerization at 708C for 12 h and redox-initiation polymerization at room temperature for 12 h under a degassed solution by nitrogen. Schneider and coworkers 19 prepared pHEMA-pMEATAC hydrogel scaffolds with fixed charge densities of À200, 0, and þ200 mM at room temperature. Song et al. 6 developed an approach to pHEMA-Ca 3 (PO 4 ) 2 scaffold mineralization by a room temperature radical technique that uses an ethylene glycol solution and metabisulfite solution for 12 h. For PAAM, pHEMA, pHEA, pMMA-pHEMA, pHEMA-pMEATAC, and pHEApMEATAC polymer hydrogel scaffolds, no photopolymerization routes were reported except for the preparation of pHEA. Pradas et al. 22 prepared a porous pHEA hydrogel with photo-polymerization for 24 h by using a HEA monomer, EGDMA (ethyleneglycol dimethacrylate) cross-linked agent, and benzoin photoinitiator.
The experimental conditions and results on our scaffold preparation are listed in Table II . The reaction medium is water, and the reaction time is very short. For pAAM polymer hydrogel scaffolds, only 30 min is needed. For pHEMA, pAAM-pHEMA, and pHEMA-pMEATAC polymer scaffolds, it takes 1 h. For pHEA and pHEA-pMEATAC polymer hydrogel scaffolds, it takes 4 and 2 h, respectively. The strength of these scaffolds is strong enough to handle during cell culture and other tests. The appearance of these scaffolds is colorless, semitransparent, or transparent. The scaffolds are sponge like with good elasticity.
The amount of crosslinking agents NMBA and EGTA and the photo-polymerization time have an obvious effect on the hardness and strength of the scaffolds. The hardness and elasticity of the scaffolds were quantified by using tweezers to press the gel and then observing the compressibility. The hardness increases with increases in the NMBA or EGTA amount and reaction time. The proper amount of NMBA, EGTA, and reaction time are shown in Table  II . The mechanical strength of all the scaffolds is strong enough for normal handling and cell culture.
Cell culture
Human bone marrow HS-5 stromal cells were cultured on the various scaffolds and cell viability was inspected with a viability kit. Figure 4 shows confocal images of HS-5 stromal cells cultured on different resentative cells pointed with the white arrow. This indicates that the positively charged scaffold surface has better cell adhesion than the nonpositively charged surfaces, which is in agree with Schneider's work. 23 The finding of improved cell adherence on a positively charged surface was also noted in cells cultured on the inorganic scaffold that was previously reported. 17 Two-photon images (Fig. 5) revealed that HS-5 cells can be found to grow as deep as 400 lm inside the nonordered scaffold, similar to that of the ordered scaffold. 17, 18 We do not know whether the cells inside the scaffold were initially seeded at that depth or migrated there after seeding. The cells were healthy and growing at this depth, which means that (1) the interconnection channels of the scaffold are large enough to allow the cells to move into the scaffold and (2) there is enough nutrient and oxygen supply at this depth of the scaffold to support cell growth. Therefore, the pore size and interconnection channels of the scaffold are suitable for 3D cell growth and nutrient transportation. The cell density deep inside the scaffold was lower than the surface of the scaffold. This is most likely due to limited nutrient supply as the rapid cell growth at the surface of the scaffold consumed most of the nutrients. This is in agreement with the reported cell distribution of inorganic ICC scaffolds and computational modeling prediction. 32 Under the same seeding and culture conditions, the number of live HS-5 cells found in the positivecharged scaffold is almost double than that of the neutral-charged scaffold. In a volume of 320 3 320 3 100 lm 3 of pHEMA-pMEATAC and the pHEMA scaffold, 67 and 37 calcein stained live cells were counted, respectively, from the two-photon microscopy 48 h after seeding and incubation at 378C in the presence of 5% CO 2 . This result indicates that the surface of the positively charged scaffold favors cell adhesion and is consistent with the findings from Schneider et al. 23 
CONCLUSION
We demonstrated a rapid aqueous photo-polymerization route to synthesis polymer and polymer-composite hydrogel 3D ICC scaffolds using closely packed noncrosslinked poly(methyl methacrylate) (PMMA) beads with an approximate diameter of 100 lm as a template. This synthetic route is simple, fast, biocompatible, environmental friendly, and versatile. The 3D scaffolds support HS-5 human bone marrow stromal cell adhesion and proliferation deep within the structure. Composite scaffolds with positively charged components were found to have improved cell adhesion and proliferation. These scaffolds have great potential for accelerating in-vitro cell culture and in-vivo tissue regeneration. 
